below the low-temperature thermal limits of Picea engelmannii. As a consequence, the 25 infilling of trees below treeline in this region in response to climate change is likely to be 26 episodic and driven by multi-year periods of high water availability and frequency that 27 overcome drought limitations. 28
Introduction

29
Renewed interest in upper treeline dynamics is in part driven by the hope that these 30 systems will help us understand how ecosystems will respond to climate change (Harsch et 31 al. 2009 , Smith et al. 2009 ). Because these ecotones are closely correlated with 32 temperature, and have low partial CO2 pressure, they should be among the most responsive 33 ecosystems to increased temperature and rising atmospheric CO2 (Smith et al. 2009 , 34
Marshall 2014). Many have noted that upper treeline is often highly correlated with low or 35 average temperature (Korner 2007) or seasonal thermal amplitude (Jobbagy and Jackson 36 2000) . This correlation has proved useful to explain recent treeline advance that appears to 37 be closely tied to increases in rising global temperatures, particularly at high altitudes and 38 latitudes (Harsch et al. 2009 ). There continues to be debate over the mechanism that 39 causes the abrupt transition from upright trees to dwarf trees and herbaceous vegetation 40 as well as controls over forest infilling below treeline but above timberline (Lloyd and mesic systems such as subalpine forests we would see frequent, small to moderate rainfall 87 events during the growing season. Under intensifying scenarios where events become less 88 frequent and larger we would anticipate that the system would move from low water stress 89 in ambient conditions to increased water stress because the event timing controls the 90 probability of surface soils drying below a stress threshold (Knapp et al. 2008) . Along the highest ridgelines these species are found in the krummholz form (Smith et al. 96 2003) . This area is a compelling region to study water controls over high elevation forest 97 change because average growing season temperature at this timberline is approximately 98 8.5 o C, well above the 5.5-6.5 o C thermal average for typical treeline (Korner 2007) and 99 water could be limiting because there is a pronounced dry period between snow melt and 100 the arrival of monsoonal precipitation in late July and soils are shallow, due to erosion 101 caused by overgrazing, and fine textured and dark which allows for rapid evaporation of 102 water from the soil surface (Ellison 1949 (Ellison , 1954 . 103 We hypothesized that growing season water availability is a dominant control over 104 the establishment and persistence of Picea engelmannii seedlings at timberline. 105
Furthermore, we anticipated that small, frequent water events would benefit P. 106 engelmannii seedlings more than large, less-frequent precipitation by reducing cumulative 107 water stress and increasing cumulative photosynthetic flux densities and growth (Knapp et 108 al. 2008 ). We anticipated that water stress would manifest itself first in in increased water 109 reducing the amount and then measured leaf-level gas exchange in field-grown seedlings 118 and censused seedlings planted into field plots for three growing seasons where soil 119 moisture was manipulated. By measuring gas exchange and mortality we can combine 120 instantaneous measures of our treatments (water stress, C acquisition) with the long-term 121 consequence of changes in these processes (survivorship). 122
Materials and methods
123
We used winter-hardened Engelman Spruce (Picea engelmannii) seedlings that were 124 germinated at the Nature High Nursery (Draper, UT). The seeds were collected near 125 Electric Lake, Carbon County, UT, less than 45-km from our research site and on the same 126 geological parent material. The collections were made at 2900-3000-m elevation, with a 127 mean annual temperature of 2. The roof on the freq shelters was constructed from furrowed polycarbonate sheeting 169 (Green-Lite). The plastic used reduced photosynthetically active radiation (PAR) by 170 approximately 20%, but in the sunny, high-elevation conditions at our site daytime PAR 171 typically exceeded 1000-µmol m -2 sec -1 . Intercepted rain was guttered from the structure 172 into 208-L (55-gallon) tanks and that water was used to irrigate the plots at 1 week or 3 173 week intervals. The -precip shelters were built using prefabricated aluminum frames that 174 were placed onto permanent anchors and removed at the end of the growing season. The 175 gutters on the -precip shelters were made from clear acrylic plastic extruded in a 270 o 176 angle to intercept incoming water and gutter it off from the plots. As expected there were 177 unavoidable changes in microenvironment that were associated with the shelters. Average 178 temperature changes were less than 1 o C daily, with changes slightly biased toward higher 179 nighttime temperatures than daytime temperatures. 180
Experimental treatments and protocol 181
Shelters were installed between mid-June and the first week of July, depending on when 182
we were able to access the research plots. For the freq treatments, accumulated water was 183 D r a f t Draft: Soil moisture controls at timberline reapplied using watering cans at a rate < 30 mm/h, which is consistent with the convective 184 storms that provide most mid-summer rainfall in this region. The long-term average 185 interval between events is 11-days. To ensure that there would be water available for 186 application we added 75% of the accumulated water in the 1-week plots, leaving the 187 remaining 25% in case there was no rain during the subsequent week. All accumulated 188
water was ultimately applied. The one-week treatment had more frequent but smaller 189 events than occurred in the control plots. In 2012, we measured photosynthesis twice weekly on surviving seedlings in our 1-215
Week and 3-Week freq plots between June 6 and July 11. This timing corresponded to two 216 weeks following snowmelt and included one full dry-down, rewetting cycle for the 3-week 217 freq plots. We measured Amax at saturating light intensity, 400 μmol mol -1 CO2, and at 218 ambient temperature using a LiCOR LI-6400XT with a standard leaf chamber equipped 219 with a 6400-02B LED light source (LiCOR, Lincoln, NE). The sampling was scheduled to 220 correspond to the day of watering, with physiological measurements taken prior to 221 irrigation, as well as measurements on the day after watering. For seedlings in the 3-week 222 freq plots, measurements were made weekly at during the same time that the 1-week freq 223 plots were measured. Two branches of each seedling were marked and all measurements 224 were made on these branches. Leaf area was calculated using images collected and scanned 225 using leaf area was calculated using ImageJ 1.43u (NIH, Bethesda, MD, USA). We estimated 226 relative stomatal limitation to photosynthesis (lg) using according to Jones (1985) and 227 
Analysis approach and statistics 232
For leaf-level gas exchange measurements in the field experiment we used a single 233 factor generalized linear model with watering treatment as the main effect. To assess the 234 sensitivity of leaf-level gas exchange in the freq plots we use a two-factor generalized linear 235 model, with pre-and post-watering as time effects and 1-and 3-week photosynthesis as 236 the treatment effects. For individual trees where we had soil moisture data, we modeled 237 the relationship between Amax and soil water potential at 5-cm soil depth using the curve 238 fitting function in SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA.). We also modeled the 239 relationship between average seasonal soil water potential and seasonal mortality using 240 the same function. We chose between linear, exponential growth, and power functions and 241 selected the model with the highest R 2 that passed the Shapiro-Wilk Normality test at 242 p>0.05. Survival functions were developed for seedlings planted in the five water 243 treatments using the survival analysis package in R (Therneau 2014). 244
Results
245
There was a microclimate effect created by the shelters. outside the shelters to 927, a 13% decrease, with -30% shelters decreasing PAR to 918, and 252 -70% decreasing PAR to 882. All these PAR values exceeded saturating PAR for P. 253 engelmannii seedlings grown in a growth chamber (unpublished data). 254
As intended, soil water was changed due to our shelters (Figure 1 above -1 MPa, mortality rates were relatively low. However, when our drought treatments 276 created conditions where average water potentials were below -1 MPa, mortality rates 277 climbed to over 25%. There was also a significant relationship between mortality rates and 278 late season (mid-September to mid-October) water stress (Figure 3b , R 2 =0.54, p<0.02). We 279 saw much larger death rates during winter than in summer, with the linear regression 280 indicating mortality rates >50% for plots where late season water potentials were below -1 281
MPa with much higher survival rates in plots that were wet prior to the start of winter. 282
Photosynthesis, Conductance, and Stomatal Limitation 283
Photosynthetic flux densities were sensitive to watering frequency and were 284 responsive to changes in soil moisture (Figure 4b-c, 5 ). During the 2012 growing season 285 maximum photosynthetic flux density (Amax) was higher for trees in the 3-week watering 286 treatment, 2.45 μmol m -2 sec -1 , than in the 1 week watering treatment, 1.37 μmol m -2 sec -1 287 (p<0.0001). We found that Amax increased 1 day after individual watering events by 42%, 288 showing how tightly coupled Amax was to water status. Stomatal conductance followed a 289 similar pattern, with conductance being significantly higher in the 3-week treatment, 0.027 290 mol m -2 sec -1 , than in the 1-week treatment, 0.016 mol m -2 sec -1 . Stomatal conductance was 291 even more responsive than photosynthetic flux density to water addition, increasing on 292 average 67% one day after watering (p<0.001) from 0.0147 mol m -2 sec -1 to 0.0246 mol m -2 293 sec -1 . 294 D r a f t Draft: Soil moisture controls at timberline What was particularly interesting was the temporal dynamics of Amax. On our first 295 measurement day on June 11, 2012, two weeks after snow melt, all our treatments had 296 similar flux densities of Amax (Figure 4a ) and did not respond to watering. Then, for the 1-297 week treatment, Amax was highly consistent and responsive to water beginning June 18 298 through July 9, with pre-watering values near 1 μmol m -2 sec -1 , increasing to 1.7 μmol m -2 299 sec -1 one day after watering. However, the 3-week treatment had more than a three-fold 300 increase in Amax following its much larger watering event on June 18, 2012, with 301 photosynthetic flux densities increasing from 1.1 μmol m -2 sec -1 to 3.7 μmol m -2 sec -1 . While 302
Amax declined from that point until the next watering, they were consistently higher than 303 the 1-week watering treatment. The initial, much larger pulse was sufficient to maintain 304
higher Amax than the frequent, smaller events. 305
We found a consistent exponential relationship between water potential at 5-cm 306
and Amax in our one-week frequency plots (Figure 4b , R 2 =0.47, p<0.001) while no such 307 relationship existed for our 3-week plots (Figure 4c ). For the 1-week frequency plots, Amax 308 was substantially reduced when water potential was below -1 MPa. There were no 309 significant differences between Amax in the pre-and post-watering trees after accounting 310 for soil water potential. However, Amax in the 3-week frequency plots was not correlated 311 with water potential at 5-cm and there were no significant differences between pre-and 312 post-watering conditions in the Amax-water potential relationship. Stomatal limitation 313 ranged from 30-60% over the course of the experiment (Figure 4b ). There was a significant 314 linear increase in lg from the beginning of the growing season through mid-July for both the 315 1-week and 3-week treatments (1-week:R 2 =0.58, p=0.01; 3-week: R 2 =0.44, p=0.03). There 316 were no significant differences between the treatments. 317 D r a f t Draft: Soil moisture controls at timberline
Discussion
318
As we hypothesized, soil moisture in our ecosystem exerted substantial control over 319 the persistence and physiology of seedlings. We saw that survivorship was much lower in 320 drought treatments and that the frequency of watering did very little to determine 321 survivorship. We observed that, in surviving seedlings, the 3-week frequency generated 322 significantly higher photosynthetic flux density that persisted for several weeks after the 323 individual watering event compared to frequent, small rainfall events. With higher 324 photosynthetic rates, we would expect that the 3-week treatment seedlings would capture 325 more C and be able to increase rooting depth and canopy size. 326
We observed that stomatal limitation to photosynthesis increased from the 327 saturated conditions after snowmelt to late in the growing season. This mirrors the midday 328 pattern that was observed by Johnson and Smith (2007) on Abies lasiocarpa seedlings 329 exposed to drought at treeline. Our measured relative stomatal limitations were 330 significantly higher than those measured by Johnson and Smith (2007) , with our mid-July 331 measurements showing that over 50% of the limits to photosynthesis were caused by 332 stomatal resistance. For most weeks, the small, one-week watering events were insufficient 333 to substantially alter stomatal limitation. This contrasts with the larger, less frequent 334 events where the watering decreases the stomatal limitation by 12-15% (Figure 4) . 335
The most robust result that we found was the influence of water availability on 336 During the past 33 years at our research site, the average longest duration between 379 rain events during the June-September growing season was 30 days, with only 25% of 380 years having precipitation events on average less than 3-weeks apart or less (NRCS, 2014). 381
In 2011, when we observed low mortality and high soil water potentials, we had the second 382 highest rainfall frequency in the historical record with the longest period between events 383 being 15 days. The driest quartile of years had at least one period longer than 36 days 384 without rain, with one year having no measurable rainfall in 81 days. During the 1/3 of 385 D r a f t century for which we have good daily precipitation measurements, there were never more 386 than two years in a row that had dry periods shorter than 21 days. These historical data 387 indicate that it is rare to have hydrological conditions where germination, establishment, 388 and persistence are likely, potentially explaining the absence of seedlings and saplings in 389 the herbaceous vegetation above timberline and below treeline on the Wasatch Plateau. 390
There is abundant evidence that the establishment phase of treeline species life 391 history is critical to understand treeline migration and infilling (Germino et 
